CaRuO 3 (CRO) thin films were prepared by laser ablation at substrate temperatures (T sub ) ranging from room temperature to 1073 K in a high vacuum (10 À6 Pa) atmosphere and at oxygen pressures (P O2 ) of 0.013 to 130 Pa. The effects of deposition conditions on the microstructure and electrical conductivity () were investigated. Rectangular-shaped CRO island grains grew at 0:013 Pa < P O2 < 130 Pa and T sub > 873 K. At P O2 ¼ 0:13 Pa and T sub ¼ 973 K, as well as at P O2 ¼ 13 Pa and T sub ¼ 873 K, well-connected island grains were observed. While the composition of island grains was nearly stoichiometric independently of T sub , the Ca fraction of film matrix increased with increasing T sub . CRO thin films with less than 10 4 SÁm À1 showed semiconducting behavior. At T sub ¼ 973 K and P O2 ¼ 0:13 Pa, CRO thin films exhibited metallic conduction with the highest of 1:5 Â 10 5 SÁm À1 at room temperature.
Introduction
CaRuO 3 (CRO) and SrRuO 3 (SRO) show excellent electrical conductivity, 1) and these conductive oxides are therefore promising as electrode materials. 2, 3) Since CRO and SRO have a slightly distorted GdFeO 3 -type orthorhombic structure (Pnma), they can be considered as having a pseudocubic perovskite structure. SRO thin film has been widely studied as an electrode for typically ferroelectric perovskite oxide because of its good lattice matching; however, the magnetic phase transition of SRO (T C ¼ 160 K) restricts its application to magnetic devices operating at low temperatures. On the other hand, CRO is paramagnetic independently of temperature, and thus attractive for use as electrodes for the superconductor/normal conductor/superconductor (SNS) junction of Josephson devices. 4, 5) Although CRO thin films have been widely epitaxially grown on single crystal substrates such as SrTiO 3 , [6] [7] [8] LaAlO 3 9,10) and NdGaO 3 , 8, 10) there have been no reports in the literature on the relationship between deposition conditions, microstructure and electrical conductivity of polycrystalline CRO thin films. Since epitaxial CRO thin films are grown under constrained conditions by substrates, the intrinsic nature of CRO thin film has not been well understood.
In this study, CRO thin films were prepared on quartz glass substrates by laser ablation at various substrate temperatures, oxygen pressures and deposition times, and the relationship between deposition conditions, microstructure and electrical conductivity was investigated.
Experimental
A third harmonic wavelength of a Q-switch pulsed Nd:YAG laser was used for the ablation. RuO 2 and CaCO 3 powders were used as starting materials for preparing CRO targets. These powders were weighed, mixed, pressed into pellets and reacted at 1273 K for 86.4 ks to obtain CRO pellets. These pellets were crushed again and wholly dense CRO targets were obtained by spark plasma sintering (SPS) at 80 MPa and 1373 K for 300 s.
The deposition conditions and details of the experimental procedure have been reported elsewhere.
11) Quartz glass plates (10 mm Â 12 mm Â 0:5 mm) were used as substrates. The deposition was carried out in a high vacuum (UHV, P ¼ 10 À6 Pa) and in O 2 at oxygen pressures (P O 2 ) from 0.013 to 130 Pa. The substrate temperature (T sub ) was changed from room temperature to 1073 K. The films were approximately 50 and 100 nm in thickness at the deposition time (t dep ) of 3.6 and 7.2 ks, respectively.
The crystal phase was studied by X-ray diffraction (XRD, Rigaku RAD-2C). The thickness was measured by a profilometer (Taylor-Hobson Talystep). Surface morphology was observed by a field-emission scanning electron microscope (FESEM, JEOL JSM-6500FT), and the composition was examined by energy dispersive X-ray spectroscopy (EDS) of FESEM. The binding energy was determined by Xray photoelectron spectroscopy (XPS, Surface Science SX100). Al K radiation (h ¼ 1486:6 eV) was employed for the photoelectron excitation. The XPS spectra were fitted with Gaussian functions after a baseline correction. The XPS intensity ratio was derived from areas of convoluted peaks. The electrical resistivity was measured from 90 to 673 K by the van der Pauw method. Figure 1 shows the XRD patterns of CRO thin films. Indexes (hkl) in Fig. 1 are denoted by orthorhombic notation. At T sub ¼ 973 K and P O 2 ¼ 13 Pa, CRO thin films had a (011) orientation at t dep ¼ 3:6 ks ( Fig. 1(a) ), whereas (101) (020)-oriented CRO thin films were obtained at t dep ¼ 7:2 ks ( Fig. 1(b) ). CRO thin films prepared at T sub ¼ 773 K, P O 2 ¼ 13 Pa and t dep ¼ 7:2 ks were amorphous and showed only halo patterns of the quartz glass substrates (Fig. 1(c) ). Amorphous thin films were prepared at T sub < 773 K for t dep ¼ 7:2 ks, T sub < 773 K and T sub ¼ 1073 K, and P ¼ 10
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Pa and P O 2 ¼ 130 Pa for t dep ¼ 3:6 ks. The (101) (020) and (011) planes of orthorhombic CRO correspond to the (100) and (111) planes of pseudo-cubic CRO, respectively. Hereinafter, crystal planes are indexed using the pseudo-cubic notation. Figure 2 depicts the effect of P O 2 on the (100) and (111) orientation degree evaluated by Lotgering factor f ð100Þ and f ð111Þ , respectively. 12) f ðHKLÞ for a (HKL) plane can be given by eq. (1) and (2).
where P and P 0 are calculated to an oriented and a nonoriented specimen, respectively. P is the XRD intensity ratio of a specific (HKL) plane to the summation of all (hkl) planes. XRD intensity (10 < 2 < 80 ) of the (HKL) plane, IðHKLÞ, is determined by subtracting the halo diffraction of the quartz glass substrate. I 0 is calculated from the JCPDS-ICDD card.
13) With increasing P O 2 , f ð100Þ decreased whereas f ð111Þ increased independently of t dep . CRO thin films prepared at P O 2 ¼ 13 Pa and t dep ¼ 3:6 ks had the highest degree of (111) orientation. Figure 3 shows the effect of P O 2 on the surface morphology of CRO thin films prepared at t dep ¼ 3:6 ks and T sub ¼ 973 K. Embedded rectangular-shaped CRO island grains 200 to 400 nm in size grew in the matrix at P O 2 ¼ 130 Pa ( Fig. 3(a) ). While the size of these grains decreased at P O 2 ¼ 13 Pa, their number increased and they were partially connected ( Fig. 3(b) , 3(c)). In contrast, at P O 2 ¼ 0:013 Pa, the size of the grains increased and they were deeply embedded in the matrix (Fig. 3(d), 3(e) ). The CRO thin films prepared at P ¼ 10 À6 Pa consisted of elongated fine grains 30 nm in width and 100 nm in length (Fig. 3(f) ). XRD results implied that the facets of rectangular-shaped island grains would be the pseudo-cubic (100) plane. Figure 4 depicts the effect of T sub on the surface morphology of CRO thin films prepared at t dep ¼ 3:6 ks and P O 2 ¼ 13 Pa. The CRO thin films prepared at T sub < 573 K showed a flat, smooth surface (Fig. 4(a) ). Coarse grains partially appeared at T sub ¼ 873 K (Fig. 4(b) ). At T sub ¼ 1073 K, rectangular-shaped island grains with slightly round-shaped edges were observed (Fig. 4(c) ). Figure 5 demonstrates the effect of T sub on the surface morphology of CRO thin films prepared at t dep ¼ 7:2 ks and P O 2 ¼ 0:13 and 13 Pa. With increasing T sub , the island grains were enlarged and tended to separate independent of P O 2 . At P O 2 ¼ 0:13 Pa and T sub ¼ 973 K, and at P O 2 ¼ 13 Pa and T sub ¼ 873 K, the densely connected grains were obtained (Fig. 5(b), 5(d) ).
Figures 6 and 7 demonstrate the effect of P O 2 and T sub , respectively, on the Ca fraction (¼ C Ca =ðC Ca þ C Ru Þ) of CRO thin films. The Ca fraction of CRO thin films increased with increasing P O 2 . On the other hand, the Ca fraction showed a minimum around T sub ¼ 773 K for t dep ¼ 3:6 ks, while it was almost constant between T sub ¼ 298 and 973 K and slightly increased at T sub ¼ 1073 K for t dep ¼ 7:2 ks. Figure 8 summarizes the EDS spot analysis of CRO thin films prepared at P O 2 ¼ 0:13 Pa. The rectangular-shaped grain and matrix had an almost stoichiometric composition at T sub ¼ 873 K (Fig. 8(a) ), whereas a significant increase in the Ca fraction of the matrix was identified at T sub ¼ 1073 K (Fig. 8(b) ). The island grains showed a nearly stoichiometric composition independently of T sub , while the Ca fraction of the matrix increased with increasing T sub . Figure 9 demonstrates the Ru 3d XPS spectra of CRO thin films prepared at T sub ¼ 973 K, P ¼ 10 À6 Pa and t dep ¼ 3:6 ks, and T sub ¼ 973 K, P O 2 ¼ 0:13 Pa and t dep ¼ 7:2 ks. The peak at 284.4 eV was assigned to carbon (C 1s) from the contaminated hydrocarbon adsorbed on the surface during exposure to air after deposition and in the XPS equipment. Fig. 9(a) ). The satellite peaks could have been caused by a screening effect of Ru 3d core-electron. 11, 14) The Ru 0 3d peaks would imply the co-deposition of metallic Ru in the CRO thin films prepared at P ¼ 10 À6 Pa. At P O 2 ¼ 0:13 Pa, T sub ¼ 973 K and t dep ¼ 7:2 ks, the CRO thin films had Ru 3d spin-orbit doublets for Ru 4þ 3d 5=2 and Ru 4þ 3d 3=2 (280.9 and 285.7 eV) with satellite peaks (282.7 and 287.4 eV) and a C 1s peak (284.4 eV) (Fig. 9(b) ). These Ru 3d peaks had characteristics in the carbon free polycrystalline RuO 2 body (280.8 and 285.0 eV with 282.6 and 286.3 eV) 14) and the SRO thin films prepared by the present authors (281.0 and 285.6 eV with 282.8 and 287.6 eV). Figure 10 shows the O 1s XPS spectra of CRO thin films prepared at T sub ¼ 973 K, P ¼ 10 À6 Pa and t dep ¼ 3:6 ks, and at T sub ¼ 973 K, P O 2 ¼ 0:13 Pa and t dep ¼ 7:2 ks. Lower binding energy at 528.8 and 528.6 eV (solid lines) and the higher binding energy at 531.2 and 530.7 eV (dashed lines) were observed in the O 1s spectra (Fig. 10(a), (b) ). The lower binding energy ranging from 529 to 530 eV, can be assigned to the binding state of the perovskite structure from XPS studies on (Ba, Sr)TiO 3 and CaTiO 3 . [15] [16] [17] [18] [19] On the other hand, for t dep ¼ 7:2 ks. the higher binding energy over 530 eV has been explained as being a less negatively charged form, 15) the C-O binding state, 16) the -OH binding state by water layer adhesion 17, 18) and the Ti 2 O 3 phase or free O atoms. 18) These effects might be complicated, and it is usually too difficult to deconvolute into specific effects. Therefore, it is commonly analyzed by separating O 1s spectra into perovskite and non-perovskite components. 11, 18) The intensity of the non-perovskite component decreased, while that of the perovskite component increased with increasing T sub and P O 2 . Figure 11 shows the Ca 2p XPS spectra of CRO thin films prepared at T sub ¼ 973 K, P ¼ 10 À6 Pa and t dep ¼ 3:6 ks, and at 20) They also reported that a CaO layer was formed on the top surface during the annealing in a vacuum due to partial decomposition of CaTiO 3 . A similar higher binding energy state has been identified in SRO and BaRuO 3 (BRO) thin films prepared by the present authors. 11) In the present study, a CaO layer or CaO-related different chemical state might be formed on the top surface of CRO thin films, and thus the lower and higher states of the Ca 2p spectra can be separated into perovskite and non-perovskite components, respectively. With increasing T sub and P O 2 , the intensities of the nonperovskite component decreased whereas those of the perovskite component increased, as in the case of the O 1s spectra. Figure 12 depicts the XPS intensity ratios of the perovskite component (S BE pero ) to non-perovskite component (S BE non-pero ) in the O 1s and Ca 2p XPS spectra for CRO thin films prepared at P O 2 ¼ 0:13 Pa and 13 Pa for t dep ¼ 7:2 ks. The CRO thin films prepared at T sub ¼ 298 K were amorphous and had no perovskite component in the Ca 2p XPS spectra. The perovskite components of O 1s and Ca 2p increased with increasing T sub independent of P O 2 . The intensity ratios of the perovskite component to the non-perovskite component in the O 1s and Ca 2p spectra could be associated with the crystallinity of CRO thin films. Figure 13 shows the temperature dependence of electrical conductivity () of CRO thin films from room temperature to 673 K. At t dep ¼ 7:2 ks, CRO thin films prepared at P O 2 ¼ 0:13 Pa and T sub ¼ 973 K, and at P O 2 ¼ 13 Pa and T sub ¼ 873 K exhibited metallic conduction, i.e., the decreased with increasing temperature (Fig. 13(b) , 13(e)), while the CRO thin films prepared in the present study commonly showed semiconducting behavior, i.e., increased with increasing temperature (Fig. 13(a) , (c), (d), (g), (f)). Figure 14 shows the temperature dependence of from 90 K to room temperature. Data from the literature on the polycrystalline CRO body (plot h), 21) epitaxial CRO thin film (dashed i) 22) and single crystal CRO (dotted g) 1) are included in Fig. 14 . These thin films of course had no change of associated with the magnetic phase transition, in contrast to SRO. The of CRO thin films prepared at P O 2 ¼ 0:13 Pa and T sub ¼ 973 K was almost the same as that of the polycrystalline CRO body and epitaxial CRO thin film (Fig. 14(e) ). Figure 15 demonstrates the effects of T sub on of CRO thin films prepared at various P O 2 for t dep ¼ 7:2 ks. Open and filled circles indicate metallic and semi-conducting behavior, respectively. The CRO thin films with < 10 4 SÁm À1 showed semiconducting behavior. Hyun et al. reported that the electrical conduction behavior changed from metallic to semiconducting as the thickness of epitaxial CRO thin films decreased below 60 nm. 10) In the present study, the separated island grains grew on the CRO thin films. Therefore, the effective thickness for electron conduction of the CRO thin films, i.e., the thickness of matrix, might be insufficient for metallic conduction. Moreover, at T sub ¼ 1073 K, the furthermore decreased with decreasing Ru content of matrix.
On the other hand, CRO thin films prepared at P O 2 ¼ 0:13 Pa and T sub ¼ 973 K, and at P O 2 ¼ 13 Pa and T sub ¼ 873 K had a continuous surface of connected grains and thus exhibited metallic conduction. The optimum deposition condition for the highest was in agreement with that of the highest S BE pero =S BE non-pero shown in Fig. 12 .
Conclusions
CRO thin films were prepared on quartz glass substrates by laser ablation under various conditions. The orientation of CRO thin films changed from (100) to (111) with increasing P O 2 . Rectangular-shaped CRO island grains grew at Fig. 12 Effect of P O2 on the XPS O 1s and Ca 2p BE pero =BE non-pero intensity ratio for CRO thin films prepared at various T sub and P O2 ¼ 13 Pa (circle) and 0.13 Pa (square) for t dep ¼ 7:2 ks. T sub > 873 K. CRO thin films with connected island grains were obtained at 873 K < T sub < 973 K. Separated island grains with round-shaped edges were observed at T sub ¼ 1073 K. While the island grains had an almost stoichiometric composition independently of T sub , the Ca fraction of the matrix increased with increasing T sub . Both perovskite components for O 1s and Ca 2p in XPS spectra increased with increasing T sub independent of P O 2 . CRO thin films with < 10 4 SÁm À1 showed semiconducting behavior. CRO thin films prepared at P O 2 ¼ 0:13 Pa and T sub ¼ 973 K exhibited the highest of 1.5 Â 10
5 SÁm À1 at room temperature with metallic conduction.
